SUMMARY The relative sensitivity and specificity of individual and combined noninvasive tests to detect coronary heart disease were evaluated in 75 patients with chest pain admitted for cardiac catheterization and coronary arteriography. Of the 75 patients, 56 had coronary heart disease. Exercise-induced ST-segment abnormalities (>1 mm) were found in 58%. In contrast, computer-processed exercise thalliuim-201 perfusion imaging detected 82% (p < 0.01) and assessment of regional ejection fraction determined at rest and during isometric exercise by radionuclide angiography detected 82% (p < 0.02). Pathologic Q waves were present in 20%. Of nine patients with single-vessel disease, only one had exercise ST-segment abnormalities, while four had abnormalities in thallium-201 perfusion and five in regional ejection fraction. Of 16 patients with twovessel disease, 10 had ST-segment abnormalities, 14 had defects on thallium-201 imaging and 13 had abnormalities in regional ejection fraction. Similarly, of 31 patients with three-vessel coronary heart disease, 23 had exercise-induced ST-segment changes, while 28 had thallium-201 perfusion defects and 28 had abnormalities in regional ejection fraction.
IN RECENT YEARS, there has been a concerted effort to develop noninvasive techniques that accurately delineate both the presence and severity of coronary heart disease in patients with chest discomfort syndromes. Traditionally, the rest and exercise ECGs have been the most widely used noninvasive, objective, diagnostic tests for evaluating such patients. Although pathologic Q waves on the resting ECG are highly predictive of coronary heart disease, they are relatively insensitive, and are absent in more than onehalf of such patients.' Exercise electrocardiography has received the greatest attention and provides improved diagnostic and prognostic capability.2 4 However, its sensitivity, specificity and quantitative ability are suboptimal, and its overall value has been questioned. 5 'Radioactive tracer techniques that allow delineation of areas of myocardial scar or ischemia have provided a new approach to noninvasive diagnosis. Myocardial perfusion scanning with thallium-201, a potassium analog, combined with exercise has improved sensitivity and specificity compared with exercise-induced electrocardiographic ST-segment changes alone.6-10 A second radionuclide approach uses radionuclide angiographic assessment of left ventricular function at rest and during exercise."' 12 This technique relies on detecting resting or exercise-induced abnormalities in segmental wall motion. Abnormality in segmental wall motion correlates well with the presence of coronary heart disease."' 12 The present study was undertaken to evaluate the relative sensitivity and specificity of thallium-201 myocardial imaging combined with exercise vs radionuclide angiographic assessment of segmental wall motion at rest and during isometric (handgrip) exercise in the same group of patients.
Patients who underwent evaluation for chest discomfort syndromes form the basis ofthis report. No patient was taking cardioactive medications at the time of study. All patients underwent exercise testing with thallium-201 and radionuclide angiographic assessment of left ventricular function within 2 Changes in regional ejection fraction were quantified as follows.11 The computer generated the images of relative regional ejection fraction similarly for both the rest and handgrip studies. The full range (0-100%) of activity level was used. The computer displayed these counts normalized according to the maximum number of counts in any of the matrix elements of the image), over the full range according to a computergenerated, 16-color isocount display. This permitted assessment of relative regional differences in ejection fraction as small as 6.25%. For purposes of analysis, relative decrease of at least 25% (a four-color shift) involving one-third by area of either the anterior or inferior zones was considered indicative of an abnormal regional ejection fraction."
The severity of a coronary occlusion was assessed by comparing its diameter with the diameter of the vessel immediately proximal to it. The obliquity showing the maximal decrease in diameter was selected for analysis in each case; coronary arterial narrowing >75% was considered significant for purposes of analysis. '8 Interpretation of exercise electrocardiography and relative regional ejection fraction determined by radionuclide angiography, and thallium-201 perfusion imaging were interpreted without knowledge of coronary arteriography and were correlated with the independently determined presence of angiographically quantified coronary heart disease. Of the nine patients with single-vessel disease, two had Q waves, one anteriorly and one inferiorly, while only one had significant ST-segment depression on the stress ECG (table 1) . Exercise thallium-201 perfusion defects were seen in four patients (44%), while an abnormality in regional ejection fraction occurred in five patients (56%) (table 1).
Of the 16 patients with two-vessel disease, 13 had pathologic Q waves and 10 had exercise-induced STsegment depression. Fourteen patients had thallium-201 perfusion defects, and 13 had abnormalities in regional ejection fraction (table 1 and fig. 4 ).
Of 31 patients with three-vessel disease, six had pathologic Q waves and 23 had exercise-induced STsegment changes (table 1) . Twenty-eight of the 31 patients had thallium-201 perfusion defects ( fig. 5 ). Similarly, 28 had abnormalities of regional ejection fraction. Eight of the 31 patients with three-vessel disease also had a left main coronary artery obstruction. Only one had a pathologic Q wave, while six had exercise-induced ST-segment changes and seven had abnormalities in regional ejection fraction. All eight had thallium-201 perfusion defects.
Of the 11 patients with pathologic Q waves, thallium-201 imaging in two and abnormalities of regional ejection fraction in four. The specificity of the stress ECG, thallium and regional ejection fraction, therefore, was 84%, 89% and 79%, respectively. No patient had pathologic Q waves (table 1) . Global ejection fraction changed from 52.6 ± 2.4% to 48.4 ± 3.1%; only three of 19 patients had an increase in ejection fraction of more than 5%.
Specificity of Combined Testing
All three of the patients with exercise-induced STsegment abnormalities had normal thallium-201 perfusion scans and normal regional ejection fraction studies.
Twelve of 16 remaining patients without exerciseinduced ST-segment abnormalities had nu 1 regional ejection fraction studies, for a combinea specificity of 63% ( fig. 7) . Similarly, 14 of these 16 patients had normal thallium-201 scans ( fig. 1) Discussion Coronary heart disease results in a regional reduction in myocardial perfusion, which results in both ischemia and contraction abnormalities of the subserved left ventricular segment. If the reduction in coronary blood flow is sufficiently severe, a significant decrease in zonal myocardial perfusion and/or contraction will be present at rest.'9' 20 These abnormalities may be associated with pathologic Q waves.2' However, myocardial perfusion is frequently adequate at rest, and left ventricular contraction may be normal or only minimally affected, even in the presence of multivessel obstructive coronary heart disease.22 23 Thus, the usefulness of techniques that evaluate myocardial perfusion, ischemia or segmental contraction are considerably enhanced when performed during stress as well as at rest.
Stress-induced changes in the ST segment are by far the most commonly used noninvasive method of detecting coronary heart disease. In the present study, ST-segment changes detected 58% of such patients. This is similar to the reported sensitivity of 53-64% in previous series of patients evaluated for chest pain. 2 4 This relatively low sensitivity may reflect the indirect and multifactorial manner in which the ST segment reflects ischemia.
Recent studies have combined the stress ECG with a more direct assessment of regional myocardial perfusion using thallium-201. These studies have shown a 17-41% improvement in sensitivity,6"8 10 although one such study failed to show improved sensitivity.9 In the present study, sensitivity increased by 24% in patients with coronary heart disease (p < 0.01). When thallium imaging was combined with the stress ECG, all patients with left main disease and 30 of 31 patients with three-vessel diesase were diagnosed.
Recent studies from our laboratory and others have shown that radionuclide angiography accurately delineates segmental asynergy both at rest and during exercise.' 1 12, 1 1 ' In the present study, regional ejection fraction determined by radionuclide angiography detected 82% of all patients with coronary heart disease, including seven of eight patients with left main and 28 of 31 patients with three-vessel disease. This technique, therefore, was also significantly more sensitive than exercise-induced ST-segment abnormalities (p < 0.02).
Several important questions must be answered before deciding the relative value of these tests. One consideration is the form of stress used to unmask an abnormality in patients with coronary heart disease. Numerous studies have shown that both dynamic and isometric exercise accomplish this goal. Although clearly different, the presumed mechanism of either is to induce an increase in demand disproportionate to oxygen supply. Isometric handgrip exercise accomplishes this primarily by a rapid increase in afterload, with smaller although significant increases in heart rate. In contrast, dynamic exercise exerts its effect by marked increases in heart rate as well as blood pressure, with a higher pressure heart rate product than isometric exercise25 unless discontinued due to ischemia.26 While differences in induced STsegment abnormalities are apparent, studies performed at cardiac catheterization show both forms of stress to be of value in detecting abnormalities in left ventricular function.27 28 Different methods have been used to detect exerciseinduced abnormalities. Borer et al. obtained excellent results by determining changes in global ejection fraction during dynamic exercise.12 Although changes in global left ventricular ejection fraction during handgrip exercise were of limited value in the present study, as has been noted during catheterization,26 assessment of relative changes in regional ejection fraction were of considerable value. In patients with coronary heart disease, this technique relies on the characteristic presence of segmental abnormalities that result in differences in contribution to ejection fraction between areas of the left ventricle. This technique is potentially limited however, because a diffuse global abnormality in contraction, such as a cardiomyopathy, may manifest itself as a uniform contribution to ejection fraction. In such a patient, thallium-201 imaging may be superior in determining whether the underlying cause is obstructive coronary disease.29
A major concern with radionuclide techniques is exposure to radiation. Thallium-201 results in a whole While the current study demonstrates that both thallium-201 imaging and radionuclide angiographic assessment of regional ejection fraction are more sensitive than the exercise ECG in the diagnosis of coronary heart disease (table 1) , it is unclear which technique or combination of techniques is superior ( fig. 6 ). Thallium-201 imaging combined with electrocardiographic evidence of pathologic Q waves and exercise-induced ST-segment abnormalities yielded a sensitivity of 88% ( fig. 6) . Similarly, assessment of regional ejection fraction in patients undergoing exercise electrocardiography resulted in an overall sensitivity of 96% ( fig. 6) Thus, it appears that while isotopic studies have significantly improved the noninvasive diagnosis of coronary heart disease, significant limitations still exist, particularly in patients with single-vessel disease.
Further technological advances in imaging devices and isotopes that provide improved resolution and count characteristics combined with optimal forms of exercise should further enhance noninvasive diagnosis of coronary heart disease. regional ischemial 5 ' and invariably precedes electrocardiographic ST-segment shifts.4' It has been postulated4' 5that these alterations of regional function are directly analogous to qualitative angiographic contraction patterns such as "hypokinesis" and "dyskinesis.""' 12 If this is the case, clinical left ventriculography might be used as a quantitative measure of regional ischemia. It is not known, however, if angiographic techniques reveal a similar sequence of altered regional function in response to acute ischemia, nor if such changes are detectable by qualitative inspection. The present study was designed to determine the effect of acute coronary occlusion on regional and global cardiac performance assessed by angiography in the closed-chest animal, and to correlate subjective qualitative angiographic assessment with quantitative analysis of a computerized twodimensional analog representation.
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